A PROCESS AND CATALYST FOR 
REDUCING NITROGEN OXIDES 



Introduction and Background 

The present invention relates to a process for reducing the nitrogen oxides present in a 
5 lean exhaust gas produced from an internal combustion engine by selective catalytic 
reduction on a reduction catalyst using ammonia, wherein a fraction of the nitrogen 
monoxide present in the exhaust gas is oxidized to nitrogen dioxide before the exhaust 
gas, together with ammonia, is passed over the reduction catalyst. 

The process of selective catalytic reduction (SCR = selective catalytic reduction) has 
10 been used for a long time in the power station sector to reduce the nifrogen oxides 
present in the flue gases from a power station. The flue gases from power stations have 
a net oxidizing effect due to the high proportion of oxygen. The nitrogen oxides present 
therein can therefore be reduced to nitrogen only with difficulty. This problem was 
solved by so-called selective catalytic reduction, in which the flue gas is mixed with 
15 ammonia and passed over a suitable reduction catalyst at temperatures between 300 and 
550 °C. The reduction catalysts used are, apart from vanadium and tungsten oxide- 
containing titanium dioxide catalysts, also ion-exchanged zeolites such as, for example, 
ZSM-5, mordenite and faujasite. Reduction catalysts which are suitable for selective 
catalytic reduction are also called SCR catalysts in the following. 

20 Attempts have been made over the last few years also to use selective catalytic 
reduction for removing nitrogen oxides from the exhaust gases from diesel engines and 
lean operated gasoline engines. These exhaust gases also contain a high proportion, up 
to 15 vol.%, of oxygen. About 60 to 95 vol.% of the nifrogen oxides present therein 
consists of nitrogen monoxide, depending on the operating status of the engine. 

25 Known SCR-catalysts have the disadvantage that their catalytic activity is not high 
enough for the high space velocities prevailing in the case of car exhaust gas treatment 
and is subject to rapid ageing, hi the case of catalysts containing vanadium oxide, there 
is a clear loss in activity at temperatures higher than 700 °C. 

According to DE 198 20 682 Al, it is disclosed that the concenfration of nitrogen 
30 dioxide in the exhaust gas can be initially raised to 50 vol.% in order to improve the 
reduction of nitrogen oxides in lean exhaust gases from internal combustion engines. 
This takes place, according to the cited published application, by oxidizing nitrogen 
monoxide to nitrogen dioxide in a electrical gas discharge. The exhaust gas treated in 
this way is then passed over a SCR catalyst while supplying a reducing agent. 
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preferably ammonia. Suitable SCR catalysts which are mentioned are catalysts from the 
power station denitrogenation sector and also ZSM-5 zeolites exchanged with copper 
cations. 



Also, according to US 5,891,409, it is known that many reduction catalysts have a 
5 higher activity for the reduction of nitrogen dioxide than for nitrogen monoxide. 
Therefore, US 5,891,409 proposes first oxidizing the nitrogen monoxide present in the 
lean exhaust gas from an intemal combustion engine to nitrogen dioxide on an oxidation 
catalyst and then converting the nitrogen dioxide formed to nitrogen, carbon dioxide 
and water on a SCR catalyst with the addition of hydrocarbons as a reducing agent. A 
10 catalyst consisting of y-aluminum oxide is mentioned as a preferred reduction catalyst. 

WO 99/39809 describes a system for reducing the amount of nitrogen oxides in intemal 
combustion engine exhaust gases, in particular from diesel engines, which consists of an 
oxidation catalyst which converts at least some of the nitrogen monoxide to nitrogen 
dioxide, a particle filter, a source of a reducing agent such as ammonia and a SCR 
15 catalyst. Using this system, the conversion of nitrogen oxides can clearly be improved. 
A SCR catalyst based on a V205/W03/Ti02 catalyst is preferably used. 

One problem associated with the V205/W03/Ti02 catalysts usually used in the power 
station sector is the possible emission of volatile, toxic vanadium compounds at 
elevated exhaust gas temperatures. Replacement of these vanadium-containing catalysts 
20 by vanadium-free catalysts, for example catalysts based on zeolite exchanged with 
transition metals such as iron or copper, does not seem to be suitable due to the known 
low ageing stabiUty of these catalysts. 

It is therefore an object of the present invention is to provide a process for the reduction 
of the nitrogen oxides present in a lean exhaust gas by selective catalytic reduction, 
25 using ammonia, on a reduction catalyst which does not have any, or a substantially 
reduced as compared with the prior art, emission of vanadium compounds at high 
exhaust gas temperatures and which is characterized by an outstanding activity and 
long-term stability of the SCR catalyst. 

Summary of the hivention 

30 The above and other objects of the invention can be achieved by a process for selective 
catalytic reduction using ammonia, wherein some of the nifrogen monoxide present in 
the exhaust gas is oxidized to nitrogen dioxide before the exhaust gas, together with 
ammonia, is passed over a reduction catalyst. It is a feature of the process of the 
invention that the reduction catalyst contains a zeolite exchanged with transition metals 
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and oxidation of the nitrogen monoxide is performed in such a way that the exhaust gas 
contains 30 to 70 vol.% of nitrogen dioxide before contact with the reduction catalyst. 

According to the invention, a VjOs/WOs/TiOs catalyst is not used. Rather, a zeolite 
catalyst exchanged with specific transition metals is used. Preferred transition metals are 
5 chromium, iron, nickel, copper, cerium, praseodymium, terbium or mixtures thereof 
Vanadium may also be used as an exchange component because it is substantially more 
firmly bonded in the lattice of a zeohte catalyst than is the case with a V205/W03/Ti02 
catalyst. Preferably, however, vanadium is avoided altogether as an exchange element. 

It has been shown that an increase in the nitrogen dioxide content in the exhaust gas 
10 greatly improves the activity of the reduction catalysts mentioned and also decreases 
ageing of the catalysts. In addition, nitrogen dioxide also increases in particular the 
activity of the catalysts at low temperatures. It is suspected that this positive effect of 
nitrogen dioxide is based on the fact that, for example, the divalent copper ions in the 
catalyst are reduced to monovalent copper ions due to selective catalytic reduction, 
15 which means that their catalytic activity is reduced. As a result of the oxidative 
components present in the exhaust gas, such as oxygen and nitrogen dioxide, the copper 
ions are reoxidized to divalent copper ions and thus recover their original activity. 
Nitrogen dioxide acts in a particularly advantageous manner here due to its relatively 
high oxidizing capacity. This reaction principle applies to all SCR-active transition 
20 metal ions which permit this type of valency change. This includes the ions of 
vanadium, chromium, iron, nickel, copper, cerium, praseodymium and terbium. Ions of 
iron, copper and cerium are particularly suitable. 

Zeolites which are suitable for use in the invention are, for example, zeohtes from the 
group ZSM-5, A, beta, X, Y, ferrierite, Linde type L and faujasite. These zeolites may 
25 also be used as a mixture. 

A ZSM-5 zeolite exchanged with iron and/or copper is particularly preferably used as a 
catalyst. It has a high selectivity to give nitrogen. Secondary products of the SCR 
reaction such as laughing gas (N2O) occur to only a small extent when using a Fe- 
ZSM-5 catalyst. 

30 To form nitrogen dioxide or to increase the amount of nitrogen dioxide in the exhaust 
gas from an engine, an oxidation catalyst may be inserted upstream of the actual SCR 
catalyst. In particular when using Fe-ZSM-5, high conversion rates can then be 
produced in the SCR reaction, even after ageing, hi addition to oxidation catalysts, other 
nitrogen dioxide producing devices, such as electrical gas discharges, may also be used. 
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Complete conversion of the nitrogen monoxide to nitrogen dioxide on the oxidation 
catalyst is not desirable and can be avoided by appropriate loading and/or sizing of the 
oxidation catalyst as compared with the reduction catalyst. A platinum catalyst on a 
support material comprising active, optionally stabilized, aluminum oxide can be used, 
for example, as the oxidation catalyst. The concentration of platinum on the support 
material may be between 0.1 and 5 wt.%, with respect to the total weight of catalyst. 
The catalyst is apphed to a carrier which can be a conventional honeycomb structure in 
the form of a coating. The coating concentration may be chosen to be between 50 and 
200 g/1 of honeycomb structure in order to ensure that the exhaust gas downstream of 
the oxidation catalyst contains about 30 to 70 vol.% of nitrogen dioxide. Further 
adjustment to the required production of nitrogen dioxide is possible via the volume of 
the honeycomb structure used. Such oxidation catalysts are well known in the art 

In addition, the object of the oxidation catalyst is to convert the carbon monoxide, and 
in particular the hydrocarbons, present in the exhaust gas as completely as possible to 
carbon dioxide and water since, otherwise, the hydrocarbons would be stored by the 
subsequent zeoHte catalyst. This would be associated with the risk of coking and 
deactivation of the zeolite catalyst. 

Suitable oxidation catalysts for use in the process according to the invention are those 
which contain platinum, as the catalytically active component, on a high surface area 
support oxide, preferably y-aluminum oxide. An aluminum oxide stabihzed with about 
5 wt.% of silicon dioxide is particularly beneficial. 

The ammonia required for selective catalytic reduction can be added directly to the 
exhaust gas before contact with the reduction catalyst. Preferably, however, the 
ammonia is obtained on board the vehicle from a compound which can be hydrolyzed to 
give ammonia. For this purpose, the hydrolyzable compound is added to the exhaust gas 
after partial oxidation of the nitrogen monoxide and before contact with the reduction 
catalyst and then the exhaust gas is passed over a hydrolysis catalyst. Urea or 
ammonium carbamate are suitable for use as hydrolyzable compounds. 

The SCR catalyst required for the process is a zeolite catalyst exchanged with the metal 
ions mentioned. A variety of ion exchange processes may be used to prepare this 
catalyst (solid exchange, exchange in aqueous solution, exchange in polar or non-polar 
organic solution). However, the preparation of Fe-ZSM-5 has proven to be especially 
difficult. Conventional exchange processes in aqueous solution have all proved to be 
useless because iron(III) compounds can barely penetrate into the pores of a zeolite due 
to the large hydration shell and this makes exchange in acid solution very difficuh. 



Exchange in ammoniacal solutions has also proven unsuitable because iron hydroxide is 
then formed and precipitates out. 

Exchange using aqueous solutions of iron(II) salts generally leads in the first place to 
the oxidation of iron(II) to iron(III), which can be circumvented, however, by 
5 appropriate pretreatment of the solvent with inert gases such as e.g. nitrogen or argon. 
Apart from iron(II) sulfate and iron(II) chloride, however, only sparingly soluble iron 
salts are available. When using salts with low solubility, the ion exchange takes place 
only slowly. 

The simplest and best method has turned out to be sohd ion exchange of zeolites with 
10 Fe(II) and Fe(III) chloride. The amount of iron sah required for complete exchange is 
blended with the zeolite to give a homogeneous powder. The mixture is then heated in a 
stream of nitrogen to the point where ion exchange can take place. The hydrochloric 
acid formed is discharged with the stream of nitrogen. From experience, ion exchange is 
complete after about 2 hours at a temperature of 300°C. The exchanged zeolite is then 
15 washed with water and dried at 120°C. Then the mixture may again be held at a 
constant temperature of 300°C for 2 hours in nitrogen. 

The final zeolite catalyst is preferably applied, in the form of a coating, to honeycomb 
structures made of ceramic or metal. For this purpose, the catalyst powder is suspended 
in water together with zirconyl nitrate as binder. The intended honeycomb structure can 

20 be coated with the resulting coating suspension in a known manner. A coating 
concentration of up to 200 grams of catalyst powder per Utre of honeycomb structure is 
preferably striven for. After the coating procedure, the honeycomb structure is calcined, 
for example for a period of 4 hours at about 300°C, in order to fix the catalyst powder to 
the honeycomb structure and to transform the zirconyl nitrate into zirconium oxide. A 

25 preferred catalyst contains 1 to 10 wt.% of zirconium oxide, with respect to the total 
weight of coating. 

Brief Description of Drawings 

The present invention will be further understood with reference to the accompanying 
drawings, wherein: 

30 Figure 1 is a schematic layout of an exhaust gas treatment system for performing the 
process of the invention with direct addition of ammonia to the exhaust gas; 

Figure 2 is a schematic layout of an exhaust gas treatment system for performing the 
process of the invention with production of ammonia by hydrolysis of an 
ammonia releasing compound; 
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Figure 3 is a graph representing the plot of degree of conversion of nitrogen oxide, X, as 
a function of the exhaust gas temperature for a freshly prepared Fe-ZSM5 
catalyst with a space velocity of 30000 h"^ and a NO/NO2 volume ratio of 
1:1; 

5 Figure 4 is a graph representing the plot of degree of conversion of nitrogen oxide, X, as 
a function of exhaust gas temperature for an aged Fe-ZSM5 catalyst with a 
space velocity of 30000 h"^ and a NO/NO2 volume ratio of 3:1; 

Figure 5 is a graph representing the plot of degree of conversion of nitrogen oxide, X, as 
a function of exhaust gas temperature for an aged Fe-ZSM5 catalyst with a 
1 0 space velocity of 30000 h"^ and a NO/NO2 volume ratio of 1:1; 

Figure 6 is a graph representing the plot of degree of conversion of nitrogen oxide, X, as 
a function of exhaust gas temperature for an aged Fe-ZSM5 catalyst with a 
space velocity of 30000 h"' and a NO/NO2 volume ratio of 1:3; 

Figure 7 is a graphical representation of NO2 concentration in the exhaust gas after the 
15 oxidation catalyst with a space velocity of 60000 h"' and different exhaust 

gas temperatures; 

Figure 8 is a graphical representation of NO2 concentration in the exhaust gas after the 
oxidation catalyst with a space velocity of 120000 h"^ and different exhaust 
gas temperatures; and 

20 Figure 9 is a graphical representation of NO2 concentration in the exhaust gas after the 
oxidation catalyst with a space velocity of 180000 h"^ and different exhaust 
gas temperatures. 

Detailed Description of the Invention 

Figure 1 shows the schematic layout of an exhaust gas treatment system suitable for use 
25 in the process according to the invention. It consists of an oxidation catalyst (1) and a 
downstream reduction catalyst (2). The exhaust gas arising from the internal 
combustion engine which contains, inter alia, nitrogen monoxide and oxygen enters the 
oxidation catalyst (1). Some of the nitrogen monoxide is oxidized to nitrogen dioxide in 
the oxidation catalyst (1) so that a mixture of nitrogen monoxide and nitrogen dioxide 
30 emerges from the oxidation catalyst. Ammonia, as a reducing agent, is added to this gas 
mixture in the molar ratio NHs/NOx of 0.6 to 1.6 before entrance to the reduction 
catalyst (2). This gas mixture is converted to nitrogen and water in the reduction catalyst 
(2). The molar ratio NHs/NOx is also called the alpha value (a) in the following. 
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Figure 2 shows a variant of the exhaust gas treatment system in Figure 1. Instead of 
ammonia, a compound which can decompose to give ammonia such as, for example, 
urea, is added to the exhaust gas downstream of the oxidation catalyst (1). To release 
the ammonia, a urea hydrolysis catalyst (3) which decomposes the urea to ammonia, 
carbon dioxide and water is located in the exhaust gas stream upstream of the reduction 
catalyst (2). 

Producing reduction catalysts: 

Fe-ZSM5 catalysts were prepared as follows for use in the process according to the 
invention: zeolite H-ZSM5 with a modulus of 40 (the modulus of a zeolite is the molar 
ratio Si02/Al203.) was carefully blended with FeCb and then held at a constant 
temperature of 300 °C for a period of 2 hours in a stream of nitrogen. The amount of 
FeCls was measured in such a way that complete exchange of the zeohte took place, in 
accordance with its exchange capacity. The exchanged zeolite was then washed with 
water and dried at 120 °C and then again treated at 300 °C for a period of 2 hours under 
nitrogen. 

The catalyst powder obtained in this way had an iron concentration of 1.7 wt.%, with 
respect to the total weight of powder. The powder was dispersed in water, together with 
zirconyl nitrate as binder, and used to coat a conventional honeycomb structure made of 
cordierite which had a cell density of 62 cm'^. The coating was calcined for a period of 
4 hours at 300 °C in air. The final coating contained 196 g/1 of catalyst powder and 6 g/1 
of zirconium oxide. 

Example: 

Drilled cores of these catalysts with a diameter of 2.54 cm and a length of 7.62 cm were 
subjected to the following synthesis gas mixture at a space velocity of 30000 h"' to test 
them in the process according to the invention: 

500 Vol.ppm nitrogen oxides in the ratio N0:N02 of 1 : 1 ; 3:1 and 1 :3 
450 Vol.ppm ammonia 

5 Vol.% oxygen 
1 .3 Vol.% water vapour 
Remainder, nitrogen 

The temperature of the synthesis gas was increased in steps from 150 to 525 °C. For 
each temperature step, the gas composition was analysed downstream of the reduction 
catalyst. 



7 



Figure 3 gives the results for a freshly prepared catalyst. The volume ratio NO/NO2 in 
this case was 1:1. 

Figures 4 to 6 show the experimental resuhs for aged catalysts. To age the catalysts, 
they were stored for a period of 48 hours under hydrothermal conditions at a 
5 temperature of 650 °C. 

Figure 4 shows the resuhs for a volume ratio NO/NO2 of 3:1, Figure 5 for a volume 
ratio NO/NO2 of 1:1 and Figure 6 for a volume ratio NO/NO2 of 1:3. As can be seen 
from these measurements, the aged catalyst has a better low temperature activity 
(between 150 and 250 °C) than the fresh catalyst, with a volume ratio NO/NO2 of 1 : 1 . A 
10 value of about 1:1 represents an optimum value for the volume ratio NO/NO2 with 
regard to the variation in catalytic activity and selectivity of the conversion to nitrogen. 

The volume ratio required can be adjusted by an oxidation catalyst inserted in the 
exhaust gas stream upstream of the reduction catalyst (Figures 1 and 2). 

Figures 7 to 9 show measurements of nitrogen dioxide concentration downstream of a 
15 platinum oxidation catalyst when contacting with a synthesis gas mixture of the 
following composition: 

500 Vol.ppm nitrogen monoxide NO 

5 Vol.% oxygen 

1.3 Vol. % water vapour 

20 Remainder, nitrogen 

The platinum catalyst was apphed at a concentration of 120 g/1 to a honeycomb 
structure made of cordierite with a cell density of 62 cm'^. The platinum content of the 
catalyst was 3.2 g Pt per liter of honeycomb structure. 

The figures show that the required NO/NO2 volume ratio can be maintained over a wide 
25 range of space velocities SV between 60000 and 180000 h'\ It has to be taken into 
account that the exhaust gas temperature from an engine increases with increasing space 
velocity, that is with increasing engine load. 

Further variations and modifications of the foregoing will be apparent to those skilled in 
the art and are intended to be encompassed by the claims appended hereto. 
30 German priority application 100 20 100.8 is relied on and incorporated herein by 
reference. 



